Introduction
Heat stress (HS) has considerable effect on growth and development in plants. Transitory or constantly HS causes an array of morpho-anatomical, physiological and biochemical changes in plants, which affect plant growth and development and may lead to a drastic reduction in economic yield (Long and Ort 2010) . Plants can survive exposure to temperature above those optimal for growth (basal thermotolerance) or acquire tolerance to otherwise lethal temperatures (heat acclimation) if exposed to moderately high temperature (Iba 2002) .
Heat stress leads to accelerated production of toxic metabolic by-products i.e. reactive oxygen species (ROS). ROS, such as 1 O 2 , H 2 O 2 , O 2 − and HO · are highly reactive molecules capable of causing oxidative damage to proteins, DNA and lipids (Wahid et al. 2007 ). Antioxidants such as ascorbic acid and glutathione, and ROS scavenging enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.11), catalase (CAT, EC 1.11.1.6), peroxidases (POX, EC 1.11.1.7), glutathione reductase (GR, EC 1.6.4.2), dehydroascorbte reductase (DHAR, EC 1.8.5.1) and monodehydroascorbate reductase (MDHAR, EC 1.6.5.4) have been found in almost all cellular compartments, demonstrating the importance of ROS detoxification for cellular survival (Iba 2002) . ROS scavenging enzymes are major components of cellular defense during HS induced oxidative stress in plants (Wahid et al. 2007 ).
Chenopodium album is widely adapted weed plant facing wide array of temperatures (5 to 45°C) during growth and development in north India and faces very high temperatures (T max~4 5°C) during reproductive development. C. album is used as a model system to study the biochemical basis of thermotolerance of photosynthetic system and some heat shock proteins from chloroplasts have been isolated and characterized in ecotypes of C. album (Downs et al. 1999) . Thermal optimum and lethal temperature limit of photosynthetic enzymes changes seasonally in many thermotolerant plants. Activity and thermal stability of photosynthetic enzymes in Tidestromia oblongifolia increased when plants were facing natural high air temperatures (Berry and Björkman 1980) .
We have earlier reported a heat stable chloroplastic Cu/ Zn SOD from C. murale which was purified and characterized (Khanna-Chopra and Sabarinath 2004; Sabrinath et al. 2009 ). There is dearth of information on oxidative stress and antioxidant defense in C. album under HS. Hence, a study was initiated on antioxidant defense enzymes in C. album, with the aim to study the in vitro heat stability of different enzymes in leaves and inflorescence.
Materials and methods

Plant material and sampling
Chenopodium album (Lambs quarter or Bathua) grows as a weed and its growth season extends form December to June. During its growth and development it experiences extremes of temperature ranging from T min of 4°C to T max of 45°C. Naturally growing population of C. album growing in wheat fields of Water Technology Center, Indian Agricultural Research Institute, New Delhi was used for the study. Sampling of young fully emerged leaves was done at early seedling stage i.e. about 25 days after emergence (DAE) in December (LD, T max , 20°C and T min , 4°C) and at late seedling stage, 90 DAE in March (LM, T max , 31°C and T min , 14°C). Sampling of young green inflorescence (INF) was done at flowering stage i.e. about 120 DAE in April (T max , 40°C and T min , 21°C).
Antioxidant enzymes extraction and in vitro heat stress treatment Fresh leaf or INF tissue (0.2 g) was frozen in liquid nitrogen and stored in deep freezer (−80°C). Tissue samples were homogenized in liquid nitrogen, suspended in 1.5 mL of 50 mM sodium-phosphate buffer (pH 7.0) containing 2 mM EDTA, 5 mM β-mercaptoethanol. 4 % (w/v) PVP-40 was added at the time of homogenization (Donahue et al. 1997) . The enzyme extraction procedure using crude extracts was same for all the enzymes except APX where homogenization buffer contained in addition 5 mM sodium ascorbate. The homogenate was centrifuged at 30,000 × g for 30 min at 4°C. The supernatant was used for measuring antioxidant enzyme activity. LD, LM and INF protein extracts were incubated in a sealed container at different temperatures i.e. 25, 30, 40, 50, 60, 70, 80, 90°C and boiling for 30 min in continuous shaking water bath and then cooled by keeping it on ice. After incubation, the sample was centrifuged at 5,000 × g for 5 min, to remove the precipitated protein and the supernatant was used for further analysis. The extract without prior incubation was kept in ice (5°C) served as control. The enzyme activity at each incubation temperature was expressed relative (%) to control i.e. extract kept in ice (5°C) without incubation.
Enzyme assays and native PAGE activity staining
The supernatant obtained after in-vitro HS treatment at different temperatures was used for antioxidant enzyme assays. Protein content was determined by Lowry et al. (1951) using BSA as standard. Total SOD activity was measured spectrophotometrically based on inhibition in the photochemical reduction of nitroblue tetrazolium (Beauchamp and Fridovich 1971) . One unit of SOD is defined as the amount of enzyme that inhibited the nitroblue tetrazolium (NBT) reduction by 50 %. APX activity was determined spectrophotometrically by monitoring the decrease in ascorbate at A 290 (ε=2.8 mM
) as described by Nakano and Asada (1981) . CAT activity was measured by following the reduction of H 2 O 2 (ε = 39.4 mM
) at 240 nm according to the method of Aebi (1984) . POX activity was determined at 470 nm by its ability to convert guaiacol to tetraguaiacol (ε = 26.6 mM −1 cm −1 ) according to the method of Chance and Maehly (1955) . GR was estimated by monitoring the oxidation of NADPH (ε=6.22 mM −1 cm −1 ) at 340 nm according to Schaedle and Bassham (1977) . Corrections were made by subtracting values obtained in the absence of either substrate or enzyme extracts. DHAR activity was measured by the method of Asada (1984) by following the reduction of DHA to ascorbate by GSH at pH 6.5. An increase in absorbance due to ascorbate formation was measured at 265 nm and an increase in 0.1 absorbance equal to 7.14 nmol ascorbate formed was used for calculating DHAR activity. MDHAR activity was assayed by following the decrease in absorbance at 340 nm due to oxidation of NADH (ε=6.22 mM et al. 1998) . In this assay, MDHA was generated by ascorbate oxidase (EC 1.10.3.3). Equal amount of soluble protein was separated on polyacrylamide gel electrophoresis (PAGE) under nondenaturing and non-reducing conditions using Protean llxi cell electrophoresis unit (Bio-Rad, Hercules, CA) at 4°C followed by specific activity staining of the gels. Isozymes of SOD were separated on a 10 % native-PAGE and visualized by following the method of Beauchamp and Fridovich (1971) . The different types of SODs were differentiated by the inhibition assay as described by Salin and Lyon (1983) . APX isozymes were separated on 10 % native-PAGE gels and were stained as per the method of Mittler and Zilinskas (1993) . CAT isozymes were separated on 7 % native-PAGE gels and were visualized by following the method of Woodbury et al. (1971) . POX isozymes were separated on 7 % native-PAGE gels and were visualized by staining the gel as described by Seevers et al. (1971) . DHAR isozymes were detected by using the method of de Pinto et al. (2000) .
Results and discussion
With increasing incubation temperature beyond 40°C progressive loss in leaf and INF soluble protein content was observed (Fig. 1a) . Loss in soluble protein content with increasing temperature has been observed earlier in Chenopodium murale (Khanna-Chopra and Sabarinath 2004). The rate of protein loss was sharper between 50 to 70°C, being 2.8 %/°C, 2.35 %/°C and 1.6 %/°C in LD, LM and INF respectively. At 100°C, 10 % proteins were stable in LD while about 20 % proteins were stable in LM and INF. Thermostability of proteins can increase in response to high temperature due to heat acclimation as observed in Tidestromia oblingifolia and Lolium perenne (Berry and Björkman 1980) . SOD is the first line of defense for oxidative stress and is well recognized for thermostability. SOD was the most heat stable enzyme followed by APX among the antioxidant enzymes studied in C. album (Fig. 1b) . In LD, LM and INF Error bars indicate ± SE (n=3). In some cases error bars are smaller than the symbol. FW indicates fresh weight. Arrows indicate the temperature at which sharp decline in activity was observed 50, 60 and 55 % SOD activity was retained respectively even at 100°C. SOD activity increased by 30 % at 60°C. Six SOD bands were observed in LD, LM and INF in C album. All SOD isozymes were stable up to 60°C (Table 1; Figs. 2a, 3a and 4a). Only 2 SOD isozymes, SOD V and SOD VI were visible at 70°C and above in both leaves and INF (Figs. 2a, 3a and 4a ). Both thermostable SODs were Cu/Zn SODs as both showed sensitivity to KCN and H 2 O 2 in both leaves (data not shown) and INF (Fig. 5) . Thermostable Cu/Zn SODs have been reported in several plants such as Potentilla astroanguinea, Citrus limon and C. murale etc. (Bafana et al. 2011 ). Presence of thermostable Cu/Zn SOD in the reproductive tissues of C. album is being reported for the first time. However thermostable MnSOD showing~20 % activity after incubation at 95°C (1 h) has been reported earlier in floral tissues of Nicotiana species (Carter and Thornburg 2000) . SOD protein is known to have high melting temperature which may be one reason behind its themostability (Schafer and Kardinahl 2003) . Overexpression of MnSOD in Brassica napus (Gusta et al. 2009 ) and thermostable superoxide reductase (SOR) isolated from hyperthermophile Pyrococcus furious in Arabidopsis (Im et al. 2009 ) resulted in enhanced thermotolerance. Hence SOD plays an important role in thermotolerance. APX is the most important H 2 O 2 scavenging enzyme in plant cells followed by CAT and POX. APX and POX were more heat stable in INF than LD and LM at 100°C in C. album (Fig. 1c, d ). APX and POX showed sharp decline in activity at 50°C and 40°C respectively in both leaf and INF. Thermostability of CAT enhanced with age and ambient temperature in leaves as CAT activity declined sharply at 40°C in LD and INF but was stable upto 60°C in LM (Fig. 1e) . At 100°C LD, LM and INF retained 10, 15 % and 20 % APX activity respectively (Fig. 1c) . Diversity in APX isozymes profile was observed with INF showing more isozymes than leaves. At 100°C, three, four and six APX isozymes showed activity in LD and LM and INF respectively (Table 1; Figs. 2b, 3b and 4b) . Some (probably low molecular weight) APX isozymes (APX VIII in leaves and APX XIII in INF) which are unique in C. album showed increase in activity with increasing incubation temperatures in both leaf and INF (Figs. 2b, 3b and  4b ). To the best of our knowledge, this is the first report on plant APX isozymes showing activity even after boiling treatment. Thermostability of APX has been reported in Vinca (60°C) (Anderson and Padhye 2004) and rice (80°C for 45′) (Sharma and Dubey 2004) . APX is known to be regulated by HS transcription factors. Heat shock transcription factor3 (HSF3) overexpressing Arabidopsis plants showed the appearance of a unique HS induced thermostable isozyme of APX which was absent in wild type plants (Panchuk et al. 2002) . Thermotolerance was enhanced in transgenics overexpressing APX in Arabidopsis (Shi et al. 2001 ) while a mutant deficit in cytosolic APX1 exhibited HS sensitivity (Koussevitzky et al. 2008) . APX was upregulated by high temperatures in tomato microspores showing its importance in preventing the reproductive parts from oxidative damage in heat tolerant cultivar (Frank et al. 2009 ).
CAT activity generally declines under HS (Dat et al. 1998) . CAT activity was lost completely at 60°C in LD and 70°C in both LM and INF in C. album (Fig. 1e) . A single CAT isozyme showed activity only up to 40°C in LD and 60°C in both LM and INF respectively (Figs. 2c, 3c and  4c) . In Vinca leaves complete loss of CAT activity was observed at 60°C (15′) (Anderson and Padhye 2004) . However some CAT isozymes in mouse liver showed activity upto 68°C (Sun 1997) . Optimum temperature and stability of enzymes can change seasonally as in case of mung bean nitrate reductase (NR). NR optimum temperature was 30°C in rainy season while during summers it was 50°C (Khanna-Chopra l983). POX activity was retained (14 %) upto 100°C in INF while leaves retained~25 % POX activity only upto 60°C in LD and LM respectively (Fig. 1d) . Two POX isozymes were seen in leaves which were lost at 70°C (Figs. 2d and 3d) . Inflorescence showed 4 POX isozymes of which POX IV was visible even at 100°C (Fig. 4d) . This isozyme was not observed in leaves. Relative activity of DHAR isozymes as determined by scanning the gels using gel documentation system, area expressed as relative units. Equal amount of protein, 50 μg for SOD, APX, POX and DHAR and 15 μg for CAT activity was loaded in each lane Thermostability of plant peroxidases is well documented, having heat inactivation temperature as high as 90.5°C in soybean (McEldoon and Dordick 1996) and 100°C (10′) in olives (Tzika et al. 2009 ). POXs also have regeneration capacity after heat inactivation (100°C, 1.5′) if incubated at 25°C (20 h) subsequently (Schwimmer 1944) . The role of POXs is complicated by their involvement in diverse physiological functions. An increase in POXs has been reported in various stresses and has been linked with protection from oxidative damage, lignification and cross linking of cell wall (Brisson et al. 1994) .
GR, DHAR and MDHAR are the enzymes responsible for maintenance of redox (AsA and GSH) pool of the cell. GR, DHAR and MDHAR showed activity upto 70°C in both leaves and INF in C. album (Fig. 1f, g, h) . DHAR activity was stable up to 60°C while GR and MDHAR declined significantly at 40°C. DHAR plays an important role in regeneration of reduced ascorbate. Two DHAR isozymes were visible in leaves (Figs. 2e and 3e) while only one DHAR band was visible in INF gel up to 60°C (Fig. 4e) . Lack of thermostable DHAR activity resulted in chronic photooxidative damage and yellowing in Ficus microcarpa (Yamasaki et al. 1999) . AsA synthesis declines during HS (Song et al. 2005 ) which may be due to down regulation of AsA biosynthesis genes (Ioannidi et al. 2009 ). Heat stable AsA regeneration system therefore may help in maintaining the reduced AsA pool under heat stress. At 70°C LD, LM and INF retained~33 % GR activity (Fig. 1f) and 17 %, 6 % and 13 % MDHAR activity respectively (Fig. 1h) . HS generally results in enhanced levels of GSH and high GSH/GSSG ratio in plants (Srivalli and KhannaChopra 2008) . Maintaining high GSH/GSSG ratio during HS is correlated with thermotolerance in many plants like wheat and rice (Song et al. 2005; Szalai et al. 2009) . A well coordinated balance between these enzymes may be one of the heat adaptive character in C. album as maintenance of AsA-GSH redox pool is highly important for tolerance and survival under HS. AsA-GSH pool becomes more important when enzymatic antioxidant defense is not sufficient. Double mutants of cytosolic APX1 and APX2 in rice showed higher accumulation of ROS, oxidative damage and enhanced AsA-DHA ratio during abiotic stresses. This increase in total antioxidant capacity observed during abiotic stresses shows the importance of compensatory mechanisms for ROS scavenging in plants (Rosa et al. 2010 ).
The present study shows that the high temperature tolerant C. album has constitutive heat stable isozymes of SOD and APX in leaf and inflorescence. C. album also shows acquired thermotolerance as themostable protein fraction and heat stability of SOD, APX, CAT and POX increased with age when plants were facing high ambient temperatures (Table 1 ; Fig. 1 ). The in vitro heat stable isozymes of antioxidant defense enzymes may play an important role in heat acclimation process in C. album which needs to be confirmed under in vivo conditions. Both basal and acquired thermotolerance in terms of antioxidant defense may play a major role in heat adaptation as ROS scavenging enzymes play an important role in preventing oxidative damage under HS in tobacco, tomato and alfalfa etc. (Iba 2002) . HS often results in protein degradation in plants and hence maintaining stable and functional proteins is essential for proper metabolic functions under extremes of temperatures. Heat stability of proteins is dependent on other processes such as chaperones activity and HSPs (Sumesh et al. 2008) . HSPs play a crucial role in protecting plants against heat stress by reestablishing normal protein confirmation and thus cellular homeostasis (Wang et al. 2004) . Heat stability of different enzymes in plants acclimated to high temperatures (Berry and Björkman 1980) and thermophiles (Brock 1967) have long been known to be higher and is essential for their survival and growth under high temperatures. Thermal optimum and heat stability of different enzymes in plants can change seasonally with change in ambient temperatures (Berry and Björkman 1980; Khanna-Chopra l983) .
Survival and succession of plants is highly dependent on their reproductive success. The onset of reproductive phases, its duration and the quality and quantity of reproductive products is influenced by HS. HS during reproductive development can result in chronic oxidative damage and enhanced expression of defense genes such as APX, HSPs etc. (Zinn et al. 2010) . Inefficient antioxidant defense system in developing spikes resulted in sterility due to oxidative stress in rice (Selote and Khanna-Chopra 2004) and loss of both male and female gametophyte functions in many plants such as Brassica napus, tomato, wheat etc. (Zinn et al. 2010) . The presence of more heat stable isozymes of antioxidant defense enzymes SOD, APX and POX in inflorescence of C. album may contribute to its reproductive stability and survival at high temperatures.
